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A ratiometric fluorescence sensor for Be?* has been fabricated via alternate assembly of 2-(3,6-
disulfo-8-hydroxynaphthylazo)-1,8-dihydroxynaphthalene-3,6-disulfonate (Beryllon II) and MgAI-LDH
nanosheets on quartz substrates using the layer-by-layer (LBL) deposition technique. UV-vis absorp-
tion and the fluorescence emission spectroscopy indicate a stepwise and regular growth of the Beryllon
II/LDH UTFs upon increasing deposition cycle. The film of Beryllon II/LDH possesses a periodic layered
structure perpendicular to the substrate revealed by X-ray diffraction and scanning electron microscopy.
Atomic force microscopy images show that the film surface is continuous and uniform. The Beryl-
lon II/LDH UTFs display ratiometric fluorescence response for Be?* with a linear response range in
1.0x1077-1.9 x 10-5 molL-! and a detection limit of 4.2 x 10~ mol L~'. Furthermore, the ratiometric
sensor exhibits good repeatability, high stability (thermal, storage and mechanical) as well as excellent
selectivity toward Be%*. XPS and Raman measurements demonstrate that the specific response of the
sensor is attributed to the coordination between Be%* and Beryllon Il in the UTF. The Beryllon II/LDH UTFs
in this work can be potentially used as a chemosensor for the detection of Be2* in the environmental and
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biomedical field.
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1. Introduction

Recently, the existence of beryllium in soil, water and food
has attracted much attention due to its high toxicity and debated
carcinogenicity. Therefore, detection of this element is of consid-
erable significance in their disposal sites as well as in the industry
using beryllium products [1,2]. The determination of beryllium
has been generally carried out based on atomic absorption
spectrometry [3-5], fluorometry [6,7], voltammetry [8-10] and
high-performance liquid chromatography (HPLC) [11]. Fluores-
cence spectroscopy is a powerful method to detect ions and neutral
molecules because of its high sensitivity, selectivity, fast-response
and low cost [12-17]. However, a key disadvantage of fluorescence
determination is that the fluorescence indicators generally suf-
fer from changeable fluorescence intensity upon the agitation of
external environment (pH, polarity, temperature, photobleaching).
Compared with intensity-based systems, ratiometric fluorescence
sensors are preferred in bioimaging applications because this
measurement involves the change of intensity ratio of absorption
or emission at two wavelengths, which effectively eliminates
most or all interferences from environment and thus increases the
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selectivity and sensitivity [18-25]. Up to now, considerable efforts
have been focused on the development of fluorescence sensors
for Zn2* [26-30], Ag* [31-33], and Pb2* [34,35] etc., based on the
ratiometric fluorescence method.

Organic fluorescence indicators are normally prone to be ther-
mally or optically unstable, which limits their practical application.
One effective solution to this problem is the incorporation of
indicator molecules into solid supports. Recently, the fabrication
of organic chromophore-inorganic matrix composite materials
has attracted much attention owing to their novel functionali-
ties which are not present in the individual components [36-40].
Layered double hydroxides (LDHs) are one type of 2D inor-
ganic materials whose general formula can be expressed as
(MU _ ML (OH), |** A", yH, 0, where M"' and M!!! are divalent
and trivalent metals respectively; A"~ is the anion to compen-
sate for the positive charge of the hydroxide layers [41,42].
LDH materials have been widely used in the fields of catalysis
[43,44], separation process [45] and drug delivery [46-48] based
on their specific intercalation property. Recently, the delamina-
tion of LDH into nanosheets as building blocks and preparation
of inorganic/organic fluorophore ultrathin films (UTFs) have been
reported [49,50]. This inspires us to challenge the goal of fabricat-
ing fluorescence chemosensors via alternate assembly of positively
charged LDH nanosheets and negatively charged fluorophore indi-
cators with the layer-by-layer (LBL) technique. The resulting UTFs
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Fig. 1. (A) UV-vis absorption spectra of the (Beryllon II[/LDH), UTFs (n=4-20) (inset: plots of the absorbance at 235, 342 and 547 nm vs. n); (B) the emission spectra of the

(Beryllon II/LDH), UTFs (n=4-20).

would exhibit the following advantages: firstly, the LDH matrix
would enhance the optical and thermal stability of the chro-
mophore due to the ordered stacking of the LDH nanosheets;
secondly, the molecular level control of the assembly will result
in a high dispersion of fluorophore molecules with uniform ori-
entation, which can suppress aggregation and reduce fluorescence
quenching effectively.
2-(3,6-Disulfo-8-hydroxynaphthylazo)-1,8-dihydroxynaphth-

alene-3,6-disulfonate (Beryllon II) is one of the most promising
indicators in chemical sensor application, which has been used as
a chromogenic reagent to determine cations and proteins under
different conditions [51-54]. Its absorption and fluorescence
emission strongly depend on pH value owing to the presence
of cationic, neutral and anionic forms in aqueous solution. In
this work, fluorophore Beryllon II and MgAI-LDH nanosheets
were alternately assembled on quartz substrates using the LBL
method, which was demonstrated as a ratiometric fluorescence
chemosensor for Be2*. The Beryllon II/LDH UTF chemosensor
shows a linear response range (1.0x1077-1.9 x 106 molL-1)
and a low detection limit (4.2 x 102 molL-!) at the optimal
working pH (11.0). In addition, its thermal- and storage stability,
repeatability as well as excellent selectivity toward Be2* have
been demonstrated. The regeneration of the chemosensor was
also achieved, which induced reversible changes in surface mor-
phology and fluorescence anisotropy. Therefore, the strategy in
this work provides a successfully paradigm for the fabrication of
highly oriented luminescence UTFs based on an organic indicator
immobilized within an inorganic matrix, which can be poten-
tially applied as chemosensors in environmental and biological
fields.

2. Experimental
2.1. Materials

2-(3,6-Disulfo-8-hydroxynaphthylazo)-1,8-dihydroxynaphth-
alene-3,6-disulfonate (Beryllon II, biochemistry grade) was pur-
chased from Sigma-Aldrich Company. Analytical grade chemicals
including Mg(N03 )2-6H20, AI(N03)3-9H20, NaOH, Ca(N03)2,
Cd(N03 )2, NaNOs, Hg(N03 )2, CO(NO3)2, CU(N03)2, ZH(N03)2,
NH4VO3, Pb(NO3)2, FC(NO3 )3, KNO3, MH(NO3 )2, NI(NO3 )2, BESO4
and KF were used without further purification. The deion-
ized and decarbonated water was used in all the experimental
processes.

2.2. Fabrication of the (Beryllon II/LDH), UTFs

The Mg, Al-NO3 LDH precursor was synthesized by a hydrother-
mal method reported previously [55] and its XRD pattern is shown
in Fig. S1. A 0.1g of Mg,Al-NO3 LDH was shaken in 100 mL of
formamide solution for 24 h to obtain a colloidal suspension of
exfoliated Mg, Al-NO3; LDH nanosheets. The quartz glass substrate
was cleaned in concentrated NH3/30% H,0, (7:3, v/v) and con-
centrated H,SO4 for 30 min each. After each procedure, the quartz
substrate was rinsed and washed thoroughly with deionized water.
The substrate was dipped in a colloidal suspension (0.1 gmL"1) of
LDH nanosheets for 10 min followed by washing thoroughly, and
then the substrate was treated with a 100 mL of Beryllon II aque-
ous solution (0.025 wt%) for another 10 min followed by washing.
Multilayer films of (Beryllon II/LDH), were fabricated by alternate
deposition of LDH nanosheets suspension and Beryllon II solution
for n cycles. The resulting films were dried with a nitrogen gas flow
at 25°C for 2 min.

2.3. The response of the UTF toward Be2*

The Be?* solutions with different concentrations were pre-
pared by dissolving BeSO4 in deionized water. The fluorescence
chemosensor was immersed into a quartz cell with BeSO4 solution,
and its response was recorded by a RF-5301PC fluorophotometer
with a liquid holder.

2.4. Characterization techniques

The UV-vis absorption spectra were collected in the range
from 280 to 550nm on a Shimadzu T-9201 spectrophotome-
ter, with the slit width of 1.0 nm. The fluorescence spectra were
performed on a RF-5301PC fluorospectrophotometer with the exci-
tation wavelength of 333 nm. The fluorescence emission spectra
range in 350-600 nm, and both the excitation and emission slits
were set to 5 nm. Steady-state polarized photoluminescence mea-
surements of the Beryllon II/LDH UTFs were recorded with an
Edinburgh Instruments’ FLS 920 fluorospectrophotometer. X-ray
diffraction patterns (XRD) were recorded using a Rigaku 2500
VB2 +PC diffractometer under the conditions: 40kV, 50 mA, Cu
Ka radiation (A =0.154nm) step-scanned with a scanning rate of
0.5°min~1, and a 26 angle ranging from 0.5° to 10°. The morphology
of thin films was investigated by using a scanning electron micro-
scope (SEM ZEISS), and the accelerating voltage applied was 20 kV.
The surface roughness and thickness data were obtained by using
the atomic force microscopy (AFM) software (Digital Instruments,
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Fig. 2. (A) Top-view of SEM image, (B) side-view of SEM image, (C) tapping-mode AFM image and (D) XRD pattern of the (Beryllon II/LDH),¢ UTF.

version 6.12). Be elemental analysis was performed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) with a Shi-
madzu ICPS-7500 instrument. X-ray photoelectron spectroscopy
(XPS) measurement was performed with monochromatized A1 Ko
exciting X-radiation (PHI Quantera SXM). The Raman spectra were
obtained with 785 nm of excitation by using a confocal Raman
microspectrometer (Renishaw Instruments Co. Ltd.,RM2000) in the
range 1000-2500cm™!.

3. Results and discussion
3.1. Characterization of the Beryllon II/LDH UTFs

3.1.1. Assembly of the UTFs

The UV-vis absorption spectra measurements for the (Beryllon
II/LDH), UTFs with various deposition cycles during the assembly
are shown in Fig. 1A. The absorption bands of (Beryllon II/LDH);,
UTFs at ~235 nm, 342 nm (7-7* transition) and 547 nm (n-* tran-
sition) correlate linearly with the bilayer number n, demonstrating
an ordered and regular film growth procedure, which was further
confirmed by the gradual color enhancement with the increase of
bilayer number (Fig. S2). Compared with the pristine Beryllon II
solution sample (Fig. S3A), the absorption bands of the (Beryllon
II/LDH), UTFs at ~342 and 547 nm become unresolved, which may
be attributed to the electrostatic interaction between Beryllon II
anion and LDH nanosheets. The fluorescence emission peak of the

(Beryllon II/LDH), UTFs at 375 nm presents consistent enhance-
ment with the increase of n (Fig. 1B). Compared with Beryllon
Il solution sample (Fig. S3B), the emission peak of the (Beryllon
II[/LDH), UTFs shows a blue shift (from 420nm to 375nm) due
to the change in microenvironment of interlayer Beryllon II. The
LDH gallery offers a rigid and confined microenvironment for the
guest molecule, which leads to a decrease in the rotation freedom of
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Fig. 3. Emission spectra of the (Beryllon I[/LDH),o UTF at different pH values (293 K,
Xdex =333 nm).
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Fig. 4. (A) Emission spectra of the (Beryllon I[/LDH),o UTF upon increasing Be?* concentration at pH=11 (293 K; Aex =333 nm); (B) Be?* titration curve of the chemosensor

for emission ratio at 425-375 nm (l425/[375).

Beryllon Il moiety and the resulting blue shift of emission [56-58].
The deposition process of the (Beryllon II/LDH),, UTF can also be
observed from its side view of SEM images with approximately
linear increase (from 28 to 70 nm) upon increasing the bilayer num-
ber (n=8-20), which confirms that the UTFs present uniform and
periodic layered structure (Fig. S4).

3.1.2. Structural and morphological characterization

A typical top view of SEM image for the (Beryllon II/LDH);q
UTF shows that the film surface is microscopically continuous and
smooth (Fig. 2A). The top view of SEM images for the (Beryllon
II/LDH), UTFs reveal that both the homogeneity and surface cover-
age of the UTFs increase with the enhancement of bilayer number
(Fig. S5). The thickness of the (Beryllon II/LDH),g UTF of ~70 nm
can be estimated by observing its side-view SEM image (Fig. 2B),
from which it can be estimated that the thickness of one bilayer
unit (Beryllon II/LDH); is ~3.50 nm. The atomic force microscopy
(AFM) image reveals that the film surface is smooth, with a root-
mean-square roughness of 5.68 nm (Fig. 2C). XRD pattern (Fig. 2D)
exhibits a Bragg peak at 260 =2.61°, indicating that the UTFs present
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an orderly periodic structure in the normal direction of the film
with a repeating distance of 3.38 nm, which is approximately con-
sistent with the thickness augment per deposited cycle observed
by SEM (3.50 nm). Moreover, this is also in agreement with the
ideal double-layer model of the Beryllon II/LDH structure with the
thickness of ~0.48 nm for one LDH monolayer and 1.56 nm for each
extended chain configuration of Beryllon II (Fig. S6).

3.2. The (Beryllon II/LDH),¢ UTFs as a ratiometric fluorescence
chemosensor for Be?*

3.2.1. The response of (Beryllon II/LDH),, UTFs to pH

The fluorescence emission spectra for the (Beryllon II/LDH)yq
UTFs at different pH values are shown in Fig. 3. The emission
spectrum of the UTF displays a band at 375nm at pH=7 (293K,
lex=333nm); a new emission band at 425nm is observed and
both intensities of the two bands increase along with the enhance-
ment of pH value from 7 up to 11. Beryllon II displays a complex
pH-dependent equilibrium resulting from its various ionic forms
(Fig. S7) [54]. The changes in relative intensity of the two emission
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Fig. 5. (A) Emission spectra of the quenched chemosensor in KF (50 wM) as a function of time; (B) the reversibility of the chemosensor recorded by alternate measurement

in two solutions of Be?* and KF respectively.
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Table 1
Determination of Be?* in the tap and lake water.
Sample Number Be2* added (molL-1) Be2* found (molL-!) (mean? +S.D.P) Recovery (%)
Lake water No. 1 2.0x 1077 (2.0540.20) x 107 102.5
No. 2 5.0x 1077 (5.064+0.11) x 107 101.2
No. 3 1.0x10°6 (0.984+0.17) x 106 98.0
Tap water No. 1 2.0x 1077 (2.0240.13) x 107 101.0
No. 2 5.0x 1077 (4.964+0.15) x 107 99.2
No. 3 1.0x10°6 (1.034+0.19) x 106 103.0

2 Mean of three determinations.
b Standard deviation.

peaks are due to the equilibrium transition between different
fluorescence forms of Beryllon Il in the gallery of LDH. As far as the
fluorescence sensitivity is concerned, the (Beryllon II/LDH), UTFs
were studied at pH=11 in the following study. Fig. S8A shows the
fluorescence intensity of the (Beryllon II/LDH), UTFs (n=4-24)
at pH=11, from which the (Beryllon II/LDH),o UTF displays the
strongest fluorescence intensity at 425 nm as well as the largest
emission ratio (I45/I375). Therefore, the (Beryllon II/LDH),q UTF
sample was chosen in the next section.

3.2.2. The response of the (Beryllon II/LDH ),y UTF toward Be?*

In the presence of Be2*, the fluorescence emission spectrum of
the (Beryllon II/LDH),g UTF exhibits a significant decrease in the
intensity both at 425 nm and 375 nm (Fig. 4A). This indicates the
(Beryllon II/LDH),o UTF can be used as a sensitive ratiometric probe
toward Be2*. The emission ratio of the (Beryllon II/LDH),o UTF at
425-375nm (I45/1375) decreases linearly from 1.716 to 0.971 as
the concentration of Be2* increases from 0.1 to 1.9 .M, with the fol-
lowing linear regression equation: Is5/I375 =1.757 — 0.414c (M),
r2=0.994 (Fig. 4B). The absolute detection limit is 4.2nM, which
meets the maximum contaminant level (MCL) for Be2* detection
in drinking water according to United States Environmental Pro-
tection Agency (EPA) [59]. Fig. S9 shows emission spectra of the
(Beryllon II/LDH),o UTF in Be2* solution as a function of time. The
response time was 50s for the (Beryllon II/LDH),q UTF, which is a
key feature for its practical application. The fluorescence response
of the UTF to Be2* is probably related to the binding between Beryl-
lon 11 and Be?* [11], which will be further discussed in the next
section.

Beryllonli

3.2.3. The regeneration and stability

The regeneration and reversibility is of great importance for
chemosensors in practical applications. To realize the regenera-
tion of the chemosensor, the quenched (Beryllon II/LDH),o UTF
was immersed into a solution of KF (50 wM), and the fluores-
cence emission ratio (I435/I375) of the UTF increased gradually and
recovered completely after 35 s (Fig. 5A), demonstrating the bind-
ing between Beryllon Il and Be?* is chemically reversible. A good
repeatability of the chemosensor was observed with RSD=0.51%
(KF) and RSD=0.55% (Be%*) in 20 cycles by alternate immersion
into two solutions of Be2* and KF respectively (Fig. 5B). In addition,
Fig. S10 displays the TG-DTA curves of the pristine Beryllon I and
Beryllon II/LDH composite material respectively, from which it can
be observed that the thermal stability of Beryllon II is enhanced
greatly upon assembly with the LDH nanosheets. Furthermore,
the storage stability test of the chemosensor shows that approxi-
mately ~90.2% of its initial fluorescence intensity remained after
one month measurement (Fig. S10C). As shown in Fig. S11, no
delamination or peeling occurred on cross-cutting the surface of the
(Beryllon II/LDH),o UTF, indicating a strong adherence of the film to
the substrate. The results above demonstrate that the chemosensor
possesses high thermal stability and mechanical stability.

3.2.4. Selectivity

It is a key factor to obtain high selectivity of the chemosensor
toward analyte over other competitive species. In order to evaluate
the selectivity of the (Beryllon II/LDH),q UTF toward Be?*, the
fluorescence emission ratio of the UTF at 425-375 nm in solutions
containing Zn2*, AI3*, Co?*, Mg2*, Cd%*, Ca2*, Hg?*, CuZ*, Pb%*, Ni2*
and Mn?2* was recorded, respectively (Fig. 6). It was found that the
response of the UTF to these cations was much lower compared

Scheme 1. A schematic representation for the measurement-regeneration cycle of the Beryllon II/LDH UTF (Mg - yellow green, Al - orange, H — white, S - yellow, O - red, N
- blue, C - gray, Be - deep red). (For interpretation of the references to color in this scheme legend, the reader is referred to the web version of the article.)
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with Be2*, and less change in I4s5/l375 for these interferential
species (~6%) than Be2* (~79%) was observed. No significant influ-
ence on the fluorescence response to Be2* was observed with the
presence of a mixture of the above-mentioned metal ions (1 mM
each). Be2* mostly coexists with some common cations (Al3*, Fe3*,
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Mg?2*, etc.) at the natural abundance level in air-dust samples [60].
Therefore, the artificial surrogate solution for an air-dust sample
was studied in this work (Table S1), and the results show that Be2*
can be determined with good reproducibility and recovery.

3.2.5. Determination of Be?* in real water samples

In order to examine the potential applicability of the ratiomet-
ric fluorescence sensor, two samples (tap water and lake water
collected from the Weiming lake in the Peking University) were
used for the Be2* determination. Each water sample was filtered
through a 0.45 pL membrane, and both the samples showed no
Be2* by the elemental analysis results based on inductively cou-
pled plasma atomic emission spectrometry (ICP-AES). Therefore,
different concentrations of BeZ* were respectively added in the
water samples and then were measured by the ratiometric fluo-
rescence chemosensor (Table 1). The results of the two samples
are satisfactory, indicating that the (Beryllon II/LDH),o UTF can be
potentially used as a chemosensor for the detection of BeZ* in the
environmental field.

3.3. Studies on the mechanism of measurement-regeneration
cycle

Scheme 1 shows the process of fluorescence quenching
and regeneration for the fluorescence chemosensor. A high
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Fig. 7. The XPS spectra of (A) Be 1s (B) N 1s (C) S 2p and (D) Raman spectra: (a) the original (Beryllon II/LDH),q UTF, (b) the UTF after measurement of Be?*, and (c) the

regenerated UTF by F~.
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thermodynamic affinity of BeZ* toward typical N and S-chelate
ligands and fast metal-to-ligand binding kinetics lead to the com-
plexation of Be2* with Beryllon II in the UTF and the resulting
fluorescence quenching; while the regeneration of the quenched
UTF was rooted in the complexation of Be2* and F~ owing to the
much larger complex constant between F~ and Be2* (log K~ 12.8)
[61] than Beryllon II and Be?* (log K~ 7 based on the fit result of
Stern-Volmer formula, see Fig. S12). This process was supported
by the results of XPS and Raman measurements shown in Fig. 7.
Compared with the original UTF (Fig. 7A-a), the XPS spectrum after
measurement of Be2* (Fig. 7A-b) displays a new peak attributed to
Be 1s (113.7 eV), indicating that Be2* was bonded within the UTF
via the complexation with Beryllon II. The disappearance of Be sig-
nal for the regenerated UTF by F~ confirms the removal of Be2*
from the UTF (Fig. 7A-c). The XPS peak for N 1s (Fig. 7B-b) of the
quenched (Beryllon II/LDH);¢ UTF (N=N: 400.1 eV; N—C: 402.7 eV)
shifted to higher binding energies compared with those of origi-
nal (N=N: 399.6 eV; N—C: 402.5 eV; Fig. 7B-a) and regenerated one
(N=N: 399.7eV; N—C: 402.4eV; Fig. 7B-c). A similar shift in the
banding energy of S 2p 3/2 was also observed (Fig. 7C), which can
be attributed to the reduction of electron density [62]. The results
indicate the formation of coordination bond between Be%* and N,
S atoms in Beryllon II. This can be further verified by the Raman
spectroscopy (Fig. 7D). Compared with the original and regenerated
Beryllon II/LDH UTF, the quenched UTF shows significant decrease
in the absorption intensity of N=N, C—N and C=C, owing to the
complexation between Be2* and N atoms in Beryllon II.

In order to give a further insight into the mechanism of
measurement-regeneration cycle, the polarized photoemission
spectra of the original (Beryllon II/LDH),o UTF, the quenched and
recovered UTF samples were measured and displayed in Fig. 8. One
of the most common methods of evaluating fluorescence polar-
ization is the measurement of the anisotropic value r, which was
fully described by Valeur [63]. The original (Beryllon II/LDH),q
UTF (Fig. 8A) shows well-defined fluorescence anisotropy with the
anisotropy value (r) of 0.23 (375nm) and 0.30 (425nm) due to
well-oriented arrangement of Beryllon II. However, the anisotropy
value decreased to 0.21 (375nm) and 0.27 (425 nm) respectively
after measurement of Be%* (Fig. 8B), indicating the decrease in
the conjugacy of Beryllon Il owing to its complexation with Be%*.
After regeneration by F~ (Fig. 8C), the fluorescence anisotropy
value increased to 0.23 (375nm) and 0.31 (425 nm) respectively
as a result of the removal of BeZ* from the UTF. In addition, a
reversible morphological change was observed by AFM during a
measurement-regeneration cycle (Fig. 9). The surface of the origi-
nal (Beryllon II/LDH),¢ UTF was smooth with a root-mean square
roughness of 6.34 nm (Fig. 9A); while sharp peaks were observed
after measurement of BeZ* accompanied with a marked increase
in RMS roughness (7.47 nm) (Fig. 9B). After regeneration by F~, a
relatively smooth surface was recovered with a RMS roughness of
6.48 nm (Fig. 9C). The reversible changes in both anisotropy and
morphology indicate that the embedment/removal of Be%* gives
rise to regular variations in orientation and/or stacking of Beryllon
1.
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RMS =7.47 nm

Fig. 9. AFM images of (A) the original (Beryllon II/LDH )¢ UTF, (B) the UTF after measurement of Be2*, and (C) the regenerated UTF by F-.

4. Conclusions

The fabrication of the ordered (Beryllon II/LDH), UTFs by the
LBL deposition technique was performed in this work, and their
application as a ratiometric fluorescence chemosensor for Be2*
was demonstrated. The structural and morphological studies show
that the (Beryllon II/LDH), UTFs were homogeneous and uniform
with long range stacking order in the vertical direction to the
substrate. Furthermore, the (Beryllon II/LDH),q UTF displays an
excellent ratiometric fluorescence chemosensory behavior for Be2*
with a linear response range and a low detection limit. The stabil-
ity, regeneration as well as selectivity of the sensor guarantee its
prospective application. Therefore, this work provides a facile and
efficient strategy for the immobilization of organic indicator into
an inorganic matrix, which can be potentially used for the detec-
tion and measurement of toxic pollutants in the environmental and
biomedical fields.
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